Corticosteroids (CS) can modulate gene expression and are often used to treat a range of immunological and
Introduction
The acute inflammation which can be initiated by a number of inflammatory triggers is a programmed orchestrated sequence of physiological processes which begins with the release of pro-inflammatory cytokines such as tumour necrosis factor-(TNF-), interleukin (IL)-1 and IL-6 (Chikanza & Grossman 2000) . These inflammatory mediators activate a cascade of local and systemic responses which are central to the inflammatory response. The immune and neuroendocrine systems interact in a reciprocal manner both locally and systemically, which involves increased secretion of corticosteroids (CS) due to activation of the neuroendocrine-release mechanisms (Chikanza & Grossman 2000) . If acute inflammation is not restrained, it enters a chronic phase which is a central feature of many autoimmune diseases. These disorders are characterised at the molecular level by chronically increased expression of multiple pro-inflammatory cytokine genes.
IL-1 , IL-6 and TNF-play important roles in both acute and chronic inflammation and initiate a number of pro-inflammatory intracellular signalling events which include the activation of the transcriptional activities of AP-I and NF-B. These in turn enhance the production of a whole range of pro-inflammatory cytokines (Akira et al. 1990 ). These cytokines also induce the secretion of macrophage inhibitory factor (MIF) centrally and locally, which counteracts the effects of CS (Calandra & Bucala 1997) .
IL-l and TNF-activate the second wave of cytokinerelease mechanisms (IL-8, IL-12, IL-15, IL-17, IL-18, interferon (IFN)-and -, granulocyte colony-stimulating factor, fibroblast growth factor etc.) that augment the homeostatic signals necessary for the subsequent complex cellular/cytokine cascades of reactions, endothelial activation and enhanced cell adhesion. These changes in the microvasculature are facilitated by vasodilation, increased blood flow and permeability.
A number of other mediators of inflammation are released within the inflammatory foci and include: kinins secreted by basophil and mast cells; prostaglandins (I 2 , D 2 , E, F 2 ); platelet activating factor; neuropeptides such as calcitonin gene-related peptide and substance P released from eosinophils and nerve terminals; prolactin from T and B cells; corticotrophin-releasing hormone; reactive oxygen species and nitric oxide. Bradykinins, substance P and prostanoids may also stimulate pain pathways -the 'dolor' and 'functio laesio' of inflammation.
Under normal physiological conditions, the body attempts to down-regulate inflammation by increasing CS production (Chikanza & Grossman 2000) . CS are natural anti-inflammatory hormones produced by the adrenal glands under the control of the hypothalamus. Synthetic CS analogues such as prednisolone have been made and are often used to treat chronic autoimmune inflammatory disease such as rheumatoid arthritis (RA), asthma and inflammatory bowel disease. They can effectively reduce the parameters of inflammation such as erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) and induce disease remission. However, in clinical practice, a proportion of some patients fail to respond adequately to CS therapy (Chikanza & Panayi. 1993 , Sher et al. 1994 , Ayabe et al. 1997 . On this basis, patients can be divided into CS-sensitive (SS) and -resistant (SR) subgroups. The underlying mechanisms involved in the SS and SR phenomenon remain unknown but are of considerable therapeutic interest. A number of abnormalities have been described in SR asthma and RA patients. These include enhanced c-Jun phosphorylation and CS receptor (CR) expression (Sher et al. 1994) .
Mechanisms of action of CS
A number of mechanisms of action of CS have now been described. CS exert specific and non-specific non-genomic effects which are very rapid. The exact mechanisms involved in this aspect of their mode of action are unknown at the moment but appear to be related to alterations in the function of the cell membrane and/or are mediated via some unknown cell surface receptors. These effects include analgesia and alterations in adhesion molecule expression. They also have genomic effects which are mediated via the CR which has a modular structure whose principal functions of transactivation, DNA binding and ligand binding are localised to specific domains (Cato & Wade 1996) . Alternative mRNA splicing results in two isoforms, CR and CR (Encio & Detera-Wadleigh 1991 , Castro et al. 1996 . Only CR is able to bind CS. CR can act as a negative inhibitor of CR (Encio & Detera-Wadleigh 1991 , Castro et al. 1996 (Fig. 1 ). In the absence of ligand, CR is predominantly maintained in the cytoplasm as an inactive multi-complex protein consisting amongst other proteins of two hsp90 molecules and a number of other proteins such as immunophillin p59 and calreticulin. Binding of CS to the CR induces a conformational change and subsequent dissociation of the receptor from the multi-protein complex. Following the formation of the CS/receptor complex (CS/CR), CR dimerises, transactivates and then the CS/CR complex translocates to the nucleus to bind to specific DNA motifs, the glucocorticosteroid response elements (GREs) (Beato 1989) . GRE can mediate both positive and negative effects (Akerblom et al. 1988 , Beato 1989 (Fig. 2) .
The CS/CR complex also interferes with the binding of AP-1 to its site on DNA (transrepression) (Cato & Wade 1996) (Fig. 2) . CS also up-regulate I B production which binds NF-B to sequester it in the cytoplasm by masking the nuclear localising sequence (Auphan et al. 1995 , Scheinman et al. 1995 . NF-B exists in the cytoplasm as a heterodimer (most commonly p50 and p65 subunits) bound to an inhibitor, I B, which exists in a number of isoforms (Baeuerle & Baltimore 1988 , May & Ghosh et al. 1999 ). Activation of cells by a variety of stimuli leads to the phosphorylation and degradation of I Bs. The released NF-B then translocates to the nucleus to initiate transcription of target genes (Stocklin et al. 1996) . AP-1 and NF-B play central roles in the induction of a large number of important immune regulatory genes, including those encoding pro-inflammatory cytokines such as IL-1, IL-2, IL-3, IL-6, IL-8 and TNF-as well as adhesion molecules. The CS/CR complex also interferes with the binding of NF-B to its site on DNA (transrepression). One feature that is common to CR -mediated repression of both AP-1-and NF-B-dependent transcription is the mutuality of the effect. Not only is CR capable of repressing AP-1 and NF-B, but both transcription factors may repress CR -dependent transcription. CS also induces the production of an anti-inflammatory protein, lipocortin, by peripheral blood mononuclear cells (MNCs) which mediates a number of CS effects. The CR/CS complex also interacts with STAT5, and this association, which does not involve the binding of CR to the GRE, enhances the transcriptional activity of STAT5 to increase IL-2 receptor (IL-2R) expression and -casein production in mammary glands. CS also induce apoptosis of lymphocytes and thymocytes (Stocklin et al. 1996) (Fig. 3) .
Regulated gene expression also requires the coordinated control of transcriptional (rate of gene transcription), post-transcriptional (mRNA stability), translational (protein synthesis), post-translational (protein processing, modification, degradation) events. It is most likely that some of these processes are also targets of CS action.
The physiological regulation of the antiinflammatory effects of CS: relevance to CS resistance
Unregulated CS effects can also have undesirable effects such as suppression of the body's ability to fight infections. Thus, as with most physiological systems, the body possesses counter-regulatory mechanisms to modulate these effects. These mechanisms include the role of cytokines and pro-inflammatory hormones such as prolactin (Clevenger et al. 1990 , Sabharwal et al. 1992 , Chikanza 1999 , Chikanza & Grossman 2000 , corticotrophic hormone and substance P, which are produced within inflammatory sites (Chikanza 1999) , as well as alterations in the function of the CR . Overactivity in any of these mechanisms could potentially reduce the responses to CS.
The role of hormonal counter-regulation
Prolactin appears to have the greatest effect (Chikanza 1999) . Prolactin is a pro-inflammatory neuropeptide produced by the pituitary and a number of extra-pituitary sites including MNCs which can act as an endogenous antagonist of CS (Bernton et al. 1988 , Sabharwal et al. 1992 , Sandi et al. 1992 , Witorsch et al. 1993 , Chikanza 1999 . Structural analysis shows that prolactin is related to the members of the cytokine/haematopoietin family which include erythropoietin, granulocyte-macrophage colony-stimulating factor and IL-2 to IL-7 (Bazan 1990) . It is an essential co-mitogen for T and B cells and can activate NK cells and macrophages (Clevenger et al. 1991 , Matera et al. 1992 . In vitro studies show that prolactin is required for IL-2 and IL-2R expression, which is essential for T cell activation and proliferation and enhances IFNproduction (Clevenger & Medaglia 1991 , Cesario et al. 1994 , Benton et al. 1998 . In vitro, prolactin reverses CS-induced apoptosis in Nb2 cells and abolishes the inhibitory effects of corticosterone on rat lymphocyte proliferation (Sandi et al. 1992 , Witorsch et al. 1993 . In vivo and ex vivo studies show that prolactin also antagonises the immunosuppressive effects of CS in murine species (Kelley et al. 1986 , Bernton et al. 1988 ). Mice treated for 3 days with prolactin show reduced CS-induced immunosuppression. When splenic lymphoid cells from these mice are stimulated by mitogen in culture,
Figure 1
The CS receptor (CR) has a modular structure whose principal functions of transactivation, DNA binding and ligand binding are localised to specific domains. Alternative mRNA splicing results in two isoforms CR and CR . Only CR is able to bind CS. CR can act as a negative inhibitor of CR .
a 20-to 200-fold higher concentration of dexamethasone is needed to cause an equivalent suppression of cell proliferation when compared with control animals not treated with prolactin (Bernton et al. 1988 ). Thus, in vivo treatment with prolactin alters the sensitivity of lymphocytes to CS in vitro. Thus, at the neuroendocrine immune level, CS and prolactin antagonise each other, resulting in the titration of immune responses, suggesting that immunological homeostasis is maintained by a fine balance between the counteracting effects of these two hormones (Chikanza & Grossman 1996) .
Prolactin exerts its effects via prolactin receptors (Plr) found on macrophages and T and B cells (Clevenger et al. 1990 , Dardenne et al. 1994 . The binding of prolactin to Plr activates the JAK family of kinases which in turn phosphorylate and activate latent STAT5 (STAT5a and STAT5b) (Gouilleux et al. 1995 , Ihle 1996 , Ali 1998 ). This enables STAT5 to translocate to the nucleus and bind to respective STAT response elements on DNA leading to transcription (Ali 1998) . STAT5 is also activated by cytokines such as IL-2 (Hou et al. 1995) . Co-transfection studies in COS-7 cells show that hormone-activated CR can form a complex with activated STAT5 (Clevenger & Medaglia 1994) . This complex enhances STAT5dependent transcription and would diminish the levels of free intracellular CS/CR complexes leading to reduced GRE-mediated effects (Stocklin et al. 1996) . The net effect would be increased levels of expression of activated NF-B and STAT5 leading to reduced CS responsiveness (Fig. 4) . Prolactin also induces signalling via the MAP kinase (MAPK) pathways involving the p56 Fyn/Shc/ SOS/Grb2/Ras/Raf/MAPK cascades (Clevenger & Medaglia 1994 , Erwin et al. 1995 , Li et al. 1996 . This pathway leads to increased levels of AP-1 (Karin 1995) . Prolactin activates phosphatidylinositol-3-kinase which in turn leads to the activation of Akt and subsequently I B kinase complex, degradation of I B and activation of NF-B (Akerblom et al. 1988 , Baeuerle & Baltimore 1988 , Almawi et al. 1991 , Kam et al. 1993 , Wu et al. 1993 , Auphan et al. 1995 , Scheinman et al. 1995 κ κ β β β β α α Figure 2 In the absence of ligand, CR is maintained in the cytoplasm as an inactive multi-complex protein consisting of two hsp90 molecules and other proteins such as immunophillin p59 and calreticulin. Binding of CS to the CR leads to a conformational change of the CR and subsequent dissociation of the receptor from the multi-protein complex. Following the formation of the CS/CR complex, CR dimerises and transactivates and then the CS/CR complex translocates to the nucleus to bind to specific DNA motifs, the glucocorticosteroid response elements (GRE). CS/CR complex also interferes with the binding of AP-1 to its site on DNA (transrepression). Stocklin et al. 1996 , Berlanga et al. 1997 Leung et al. 1997 . Thus, prolactin modulates immune system function by stimulating both cell proliferation and survival. Other neuropeptides which antagonise the effects of CS at the local level are corticotrophin-releasing hormones, substance P and arginine vasopressin (Chikanza & Grossman 2000) .
The relevance of these molecular observations to SR phenomenon is that: first, the overexpression of prolactin by MNCs could contribute to the reduced CS responsiveness phenomenon seen in some patients with RA, asthma and inflammatory bowel disease, since prolactin modulates immune system function by stimulating both cell proliferation and survival. Secondly, the local overproduction of corticotrophin-releasing hormone and/or substance P could also potentially contribute to this phenomenon. We are currently assessing these possibilities.
The role of cytokines in antagonising the effects of CS
MIF is also produced by the pituitary gland in parallel to increases in adrenocorticotrophin and also by macrophages in response to pro-inflammatory stimuli and low levels of CS (10 12 -10 9 M) (Calandra & Bucala 1997) . MIF antagonises the immunosuppressive effects of CS (Calandra & Bucala 1997) . MIF plays a regulatory role in T cell proliferation and IL-2 production (Bacher et al. 1996) . This effect of MIF may be mediated in part via the increased expression of prolactin by MNCs since prolactin is an essential T cell growth (Chikanza 1999) . IL-10 inhibits the expression of MIF by T cells as well as MIF-activated effector functions of macrophages (Wu et al. 1993) . It is therefore possible that defective IL-10 production could lead to excessive MIF expression. Thus, by countering the effects of physiological CS, MIF and prolactin are involved in fine tuning of immune responsiveness.
What is the relevance of the cytokine milieu to CS resistance? The prevailing cytokine milieu may influence CS responsiveness. For instance in vitro, the addition of both IL-4 and IL-2 leads to reduced inhibition of cell proliferation by dexamethasone which may be mediated by alterations in CR mRNA splicing and the affinity of CR for CS as has been described in asthma patients (Kam et al. 1993 , Leung et al. 1997 . We have shown that CS fail to inhibit in vitro IL-2 and IL-4 production by blood cells κ κ β β β β from SR RA patients (Chikanza & Panayi 1993) , whilst the circulating levels of MIF are increased in SR RA patients (Chikanza et al. 2003) . IL-1 , IFN-and IL-6 synergistically abrogate CS-mediated inhibition of T cell proliferation (Almawi et al. 1991) . On the other hand, CS fail to up-regulate IL-10 production in SR asthma patients (Hawrylowicz et al. 2002) . Thus, perturbations of the cytokine milieu can have significant effects on the CS responsiveness.
The corticosteroid receptor
CR mediates the effects of CS whilst CR is inhibitory (see Fig. 5 ). Alterations in the function of CR therefore will reduce CS responsiveness. The failure by therapeutic CS doses to inhibit inflammatory disease in a number of conditions such as RA, asthma and inflammatory bowel disease has been intriguing. The concept of the SR phenomenon dates back to 1976 (Vingerhoeds et al. 1976 ). Vingerhoeds et al. reported a case of cortisol resistance in which high circulating cortisol blood levels were not associated with Cushing's syndrome but appeared to be related to a ligand affinity defect of the CR. Chrousos et al. (1982) and Lipsett et al. (1986) re-studied this family and demonstrated a defect in the affinity of CR for CS. Polymorphic alterations in the CR gene were proposed as the underlying molecular basis of SR in some patients. The term primary SR was suggested. In a more recent study, Huizenga et al. (2000) studied five patients with clinical cortisol resistance and found alterations in the receptor number and ligand affinity. PCR-single strand conformational polymophism sequence analysis showed no CR gene alterations (Huizenga et al. 2000) . This suggests that alterations somewhere in the cascade of events starting with ligand binding to the CR, or alterations in the regulation of the expression of CSresponsive genes, or post-receptor defects of interaction with other nuclear factors formed the pathophysiological basis of cortisol resistance.
We do not know as yet whether the SR phenomenon seen in RA, asthma and inflammatory bowel disease patients is primary or secondary. The SS and SR phenotypes appear to be stable when tested repeatedly over time, Figure 4 Prolactin exerts its effects via prolactin receptors (Plr) found on macrophages, T and B cells. The binding of prolactin to Plr activates the JAK family of kinases which in turn phosphorylate and activate latent STAT5 (STAT5a and STAT5b). This enables STAT5 to translocate to the nucleus and bind to respective STAT response elements on DNA leading to transcription. STAT5 is also activated by cytokines such as IL-2. CR can form a complex with activated STAT5. This complex enhances STAT5-dependent transcription and would diminish the levels free intracellular CS/CR complexes leading to reduced GRE-mediated effects. The net effect would be increased levels of expression of activated NF-B and STAT5.
suggesting that it may be an intrinsic property of the individual (Chikanza & Panayi 1993) . Alterations in a number of molecular events described in the mechanisms of CS may be involved in SR and include a dysregulation of CR function and alterations of the intracellular signalling pathways. Lymphocytes from RA patients have decreased numbers of CR but this does not result in a significant reduction of cell sensitivity to CS in vitro. CS down-regulate CR expression by lymphocytes from RA and normal subjects. Thus prolonged CS therapy may potentially reduce drug efficacy. In patients with polymyalgia rheumatica who often require prolonged CS therapy, this does not appear to be a problem in clinical practice. A dysregulation of the function of the CR could result from alterations or a failure to properly regulate the cytokine milieu. First, CR overexpression could reduce the CR -mediated cellular effects. CR can act as a negative inhibitor of CR function (Castro et al. 1996) . Studies in asthma patients show that CR is overexpressed by MNCs from SR asthmatics and that this can be enhanced further by treatment of cells with a combination of IL-2 and IL-4 (Leung et al. 1997) . Whether a similar situation exists in RA and other chronic inflammatory autoimmune diseases remains to be determined. Our preliminary studies show that CR is overexpressed in SR RA patients . There is, however, some controversy over the functional role of CR in antagonising CR (Hecht et al. 1997 , de Lange et al. 1999 . Whilst in transfection experiments, overexpression of CR reduces the effects of CS, the physiological relevance of this mechanism in vivo remains to be proven. We have previously shown that CS fail to inhibit IL-2 and IL-4 in MNC from SR RA patients and this could potentially lead to an overexpression of CR . The second mechanism relates to the overexpression of calreticulin, an important regulator of gene transcription induced by nuclear receptors, which can prevent the binding of CR /CS complex to the GRE (Burns et al. 1994 , Dedhars et al. 1994 . Overexpression of calreticulin in mouse L fibroblast cells inhibits the GRE transcriptional activity and blunts the interaction of CS/CR complex with the GRE (Burns et al. 1994 , Dedhars et al. 1994 . Thus, its overexpression could potentially contribute to the SR phenomenon. Thirdly, polymorphic changes in the Hsp90 gene could result in alterations in the activation of the CR following its binding to the CS resulting in Figure 5 Schematic representation of the putative mechanisms of action of CR and CR . CR overexpression could reduce the CR -mediated cellular effects. CR can act as a negative inhibitor of CR function. CR does not bind CS. It has been proposed that CR can compete with CR for DNA binding at the glucocorticoid response element to form heterodimers with CR which are transcriptionally inactive or partially active (Burns et al. 1994) . The CR /CR /CS heterodimer complexes do not bind as efficiently as the CR /CR /CS homodimers complexes to DNA and are not effective as and CR /CS homodimers. CS=corticosteroid; CR=corticosteroid receptor; X=no binding. either defective dimerisation or transactivation of the CR /CS complex and therefore reduced CS genomic effects. There are many other co-factors involved in CR transcription which include the Serc protein family. Alterations in the kinetics of Serc proteins may also have profound effects of CS responsiveness.
Intracellular signalling mechanisms
Pro-inflammatory cytokines initiate signalling via pathways which include NF-B activation. The NF-B pathway is a target for CS. Thus, enhanced NF-B expression could contribute to a state of reduced CS sensitivity. We have recently shown that the intracellular levels of activated (p65) NF-B are elevated in vivo in MNCs from SR RA patients and that CS fail in vitro to inhibit activation of NF-B in cells from the SR subjects . This associated with a failure by CS to inhibit concanavalin A-induced degradation of I B . On the other hand, overexpression of prolactin would enhance NF-B and STAT5 activation.
Increased expression of activated STAT5 may occur as a primary event or could be linked to prolactin overexpression by inflammatory cells. STAT5 complexes with CR /CS complex, sequestering the latter, and thus preventing its binding to the respective DNA site as well as diminishing the repressive effects of CR /CS complex on AP-1 and NF-B transcriptional activities. The STAT5/ CR /CS complex enhances STAT5-mediated signalling which leads to increased expression of IL-2R and T cell activation (Stocklin et al. 1996) . Thus, overexpression of STAT5 which could be secondary to prolactin overexpression and would contribute to a state of reduced CS responsiveness. This is an area in which there is intense research activity.
The utilisation of different activation pathways by T cells could contribute to a state of reduced CS responsiveness. This notion is supported by our observations which show that whilst concanavalin A-, phytohaemagglutinin-and lipopolysaccharide-induced proliferation of T cells is inhibited by CS in SS subjects with an IC 50 of 10 6 M, the direct stimulation of highly purified T cells by cross-linking CD28 and CD3 receptors induces T cell proliferation as well as IL-2 production that are resistant to the effects of CS in SS subjects (I C Chikanza, unpublished observations).
Conclusions
CS resistance is a major therapeutic challenge in a number of human chronic autoimmune inflammatory diseases which include RA. A number of mechanisms have been described in asthma patients. The mechanisms in RA are essentially unknown but appear to involve a number of known molecular events related to the described mechanisms of action of CS. These include alterations in the functional status of CR , perturbations of the cytokine and hormonal milieu. There is now evidence that some intracellular signalling pathways may be dysregulated in cells from SR subjects with RA and asthma. The effects of CS are also mediated in part by the induction of lipocortin production by inflammatory cells. Lipocortin mediates some of the anti-inflammatory effects of CS. Thus, impaired lipocortin production and/or the presence of auto-antibodies to lipocortin could contribute to a state of reduced CS responsiveness. Finally, alterations in the bioavailability of CS may also play a part. It is most likely that in any one given individual and/or disease state, different mechanisms may be operative. The full understanding of the molecular basis of SR will lead to the development of more rational therapeutic strategies.
